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APPARATUS AND METHOD FOR CONTROLLING 
UNDESIRED WATER AND FUEL TRANSPORT IN A FUEL 

CELL 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates generally to the field of fuel cells and, more specifi- 
cally, to a membrane for controlling water and fuel carryover in a direct oxidation fuel 
cell. 

Background Information 

Fuel cells are devices in which an electrochemical reaction is used to generate 
electricity. A variety of materials may be suited for use as a fuel depending upon the 
materials chosen for the components of the cell. Organic materials, such as methanol or 
natural gas, are attractive choices for fuel due to the their high specific energy. 

Fuel systems may be divided into "reformer-based" (i.e., those in which the fuel is 
processed in some fashion before it is introduced into the cell) or "direct oxidation" in 
which the fuel is fed directly into the cell without internal processing. Most currently 
available fuel cells are of the reformer-based type, but fuel-processing requirements for 
such cells limits the applicability of those cells to relatively large systems. 

Direct oxidation fuel cell systems may be better suited for a number of applica- 
tions such as smaller mobile devices (i.e., mobile phones, handheld and laptop comput- 
ers), as well as in larger applications. One example of a direct oxidation system is the 
direct methanol fuel cell system or DMFC. In a DMFC, the electrochemical reaction at 
the anode is a conversion of methanol and water to CO2, H* and e " . More specifically, a 
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liquid carbonaceous solution (typically aqueous methanol) is applied to a protonically- 
conductive (but, electronically non-conductive) membrane (PCM) directly using a cata- 
lyst on the membrane surface to enable direct oxidation of the hydrocarbon on the anode. 
The hydrogen protons are separated from the electrons and the protons pass through the 

5 PCM, which is impermeable to the electrons. The electrons thus seek a different path to 
reunite with the protons and travel through a load, providing electrical power. 

The carbon dioxide, which is essentially a waste product, is separated from the 
remaining methanol fuel mixture before such fuel is re-circulated. In an alternative usage 
of the carbon dioxide this gas can be used to passively pump liquid methanol into the 

10 feed fuel cell. This is disclosed in United States Patent Application Serial No. 

09/717,754, filed on December 8, 2000, for a PASSIVELY PUMPED LIQUID FEED 
FUEL CELL SYSTEM, which is commonly owned by the assignee of the present inven- 
tion, and which is incorporated by reference herein in its entirety . 

Fuel cells have been the subject of intensified recent development be- 

15 cause of their high energy density in generating electric power from fuels. This has many 
benefits in terms of both operating costs and environmental concerns. Adaptation of such 
cells to mobile uses, however, is not straightforward because of technical difficulties as- 
sociated with reforming carbonaceous fuels in a simple and cost effective manner, and 
within acceptable form factors and volume limits. Further, a safe and efficient storage 

20 means for hydrogen fuel gas (or hydrogen fuel gas reformate) a challenge because hydro- 
gen gas must be stored at high pressure and at cryogenic temperatures or in heavy ab- 
sorption matrices in order to achieve useful energy densities. It has been found, however, 
that a compact means for storing hydrogen is in a hydrogen rich compound with rela- 
tively weak chemical bonds, such as methanol (and to a lesser extent, ethanol, propane, 

25 butane and other carbonaceous liquids). Thus, efforts to develop the DMFC commer- 
cially have increased over the past several years. 

Even in a DMFC, however, the stored reactants may constitute a significant por- 
tion of the total of the volume of the system, thus creating a need to store the fuel in un- 
diluted form even though an aqueous solution may be preferable when the fuel is actually 

30 presented to the membrane for reaction. For example, some current generation DMFCs 
operate on an aqueous solution that is 3% methanol. This implies that water must be 
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added to the undiluted fuel between the fuel source and the reactive site on the anode side 
of the PCM. As water is a product of the reaction, it is possible to supply a large portion 
of such water from reaction products at the cathode. 

. Unfortunately, known protonically-conductive membrane materials exhibit an un- 

5 desirable characteristic. Specifically, water and some fuel and water molecules are car- 
ried from the anode to the cathode through the PCM in addition to the transferred pro- 
tons. Fuel is primarily lost due to a phenomenon known as "methanol crossover," which 
is caused by the fact that most currently available membranes allow fuel to pass through 
the PCM from the anode to the cathode and oxidized there without generating electricity. 

10 The lost fuel reduces the efficiency of the cell. In addition, as protons migrate through 
the membrane, they carry molecules of water through the PCM as well, a characteristic 
known as " water carryover." The water that carries through the PCM may be far in ex- 
cess of that generated by the recombination on the cathode. While this problem might be 
addressed by either return pumping of larger volumes of water, or excessive dilution of 

is the stored fuel to maintain adequate dilution of the fuel at the anode, each of those ap- 
proaches has clear disadvantages. What is needed is an improved membrane to limit 
water carryover especially, as well as methanol crossover fuel loss too, without equiva- 
lent reduction in total protonic exchange. 



brane-electrode assembly which supports a high level of total protonic exchange in a di- 
rect oxidation fuel cell, yet significantly reduces carryover of water and fuel crossover. 
The present invention employs a "barrier" material which is substantially impermeable to 
water and fuel, but which allows protons to pass through it. The barrier material, while 

25 introducing a modest increase in the reaction resistance of the fuel cell, provides a resis- 
tance to carryover of fuel and water several times greater than that of a conventional 
proton conducting membrane (PCM). As a result, the "loss" due to the increased reaction 
resistance is more than offset by the substantially reduced carryover of water and fuel. In 
addition, the present invention enables a direct oxidation fuel cell to operate with a higher 

30 fuel concentration. 



SUMMARY OF THE INVENTION 
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In brief summary, the present invention provides a layered membrane and mem- 
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In a preferred embodiment, a layer of impermeable material, such as polyester 
having pores of a preferred size, is sandwiched between two layers of PCM to form the 
layered membrane. The layered membrane is, in turn, sandwiched between two layers of 
catalyst. Layers of diffusion material are disposed on the surfaces of the catalyst layers 
5 which are not in contact with the PCM layers, thereby forming a membrane electrode as- 
sembly (MEA) which may be used with a direct oxidation fuel cell such as a DMFC. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The invention description below refers to the accompanying drawings, of which: 
10 Fig. 1 is a block diagram of a direct methanol fuel cell system with which the pre- 

sent invention may be employed; 

Fig. 2 is a cross-section of a membrane electrode assembly known in the prior art; 
Fig. 3 is a cross-section of a membrane electrode assembly constructed in accor- 
dance with a preferred embodiment of the present invention; 
15 Fig. 4 is a schematic cross-section of the microscopic features of the barrier layer 

of Fig. 3; and 

Figs. 5A and 5B are schematic diagrams of the equivalent reaction resistances of 
the conventional assembly of Fig. 2 and the inventive assembly of Fig. 3, respectively. 

DETAILED DESCRIPTION OF AN ILLUSTRATIVE 
20 EMBODIMENT 

For purposes of illustration, we herein describe an illustrative embodiment of the 
invention as it is employed in connection with a DMFC, with the fuel substance being 
methanol or an aqueous methanol solution. It should be understood, however, that it is 
within the scope of the present invention that the layered membrane or membrane elec- 
25 trode assembly can be readily used for other fuels in direct oxidation fuel cells. Thus, as 
used herein, the word "fuel" shall include methanol, ethanol, propane, butane or combi- 
nations thereof, and aqueous solutions thereof and other carbonaceous fuels amenable to 
use in a direct oxidation fuel cell system. 
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Fig. 1 shows a direct methanol fuel cell system 2. For a better understanding of 
the present invention, the system 2 will be briefly described. The system 2 contains a di- 
rect methanol fuel cell (DMFC) 3 and a fuel delivery assembly 4. The direct methanol 
fuel cell 3 includes a housing 5 which encloses a cathode 6, a protonically conductive, 

5 electronically non-conductive membrane (PCM) 8 and an anode 10. 

Methanol or a solution of methanol and water is introduced to the anode side 
of housing 5 while oxygen is introduced into the cathode side of the housing 5. The 
source of the oxygen is preferably ambient air but it should be understood that other 
sources could be used. As a result of the reactions at the anode and cathode, free elec- 

10 trons flow from the anode 10 through a load 12 to cathode 6, while hydrogen ions 

flow from anode 10 through PCM 8 to cathode 6. So long as the chemical reactions con- 
tinue, a current is maintained through load 12. 

Fuel from fuel delivery assembly 4 may be used to fill a reservoir 20, from 
which the fuel may be subsequently drawn. Alternatively, fuel may be supplied directly 

is to pump 16, in which case reservoir 20 is not needed. Pump 16 is coupled to a first gas 
separator 14, and to DMFC 3, as well as to gas separator 18. The first gas separator 14 
receives effluent from the anode 10 of the fuel cell 3 and separates it into liquid (i.e., un- 
reacted methanol or methanol and water) and carbon dioxide. The liquid component is 
supplied to pump 16 for recirculation to DMFC 3. Pump 16 creates suction to draw fuel 

20 from the fuel delivery system 4. The gas component may also be supplied to pump 16 
and may be used to drive the pump in accordance with the teachings of commonly-owned 
U.S. patent application Serial No. 09/717,754. 

Figure 2 shows, in cross-section, a membrane electrode assembly (MEA) 30 
known in the prior art. A PCM 22 is sandwiched between layers of catalyst 24a and 24b. 

25 Electrically conductive diffusion layers 26a and 26b are disposed, respectively, on the 
surfaces of catalysts 24a, 24b that are not in contact with PCM 22. A load 28 is con- 
nected between the anode and cathode. 

PCM 22 is typically constructed from a commercially available materials includ- 
ing those sold by E.I. DuPont de Nemours and Company under the trademark Nafion®. 

30 Catalysts 24a, 24b are constructed from a material appropriate for the type of fuel to be 
used (e.g., in the case of a DMFC, typically platinum and/or a platinum-ruthenium 
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blend), while diffusion layers 26a, 26b are typically constructed using thin film tech- 
niques. 

In MEA 30, diffusion occurs at both anode and cathode which causes, in the first 
instance, fuel molecules at the anode to move to active reaction sites on the surfaces of 
5 PCM 22. Subsequently, after protons cross PCM 22, diffusion brings oxygen atoms to 
active reaction sites on the cathode side of the PCM. In addition, there is a reaction acti- 
vation step at the electrodes, which is facilitated by catalysts 24a, 24b. 

Figure 3 shows, in cross-section, a membrane electrode assembly 32 constructed 
in accordance with the present invention. A barrier layer 34 is sandwiched between two 
10 layers of PCM 36a, 36b. Layers of catalyst 38a, 38b are disposed on the surfaces of 
PCMs 36a, 36b which are not in contact with barrier layer 34. Diffusion layers 40a, 40b 
are disposed on the outermost surfaces of catalysts 38a, 38b. A load 42 is connected 
between the anode and cathode. 

Barrier layer 34 is preferably constructed of a material which is substantially, if 

is not completely, impermeable to water and fuel, but which which allows protons to pass 
from the anode to the cathode. For example, selected polymers such as a polyester mi- 
crofilm (such as Mylar® sold by E.I. DuPont de Nemours and Company) with microper- 
forations, a similarly treated polyimide film (such as Kapton®, also sold by E.I DuPont 
de Nemours and Company), present microporous structures having the desired charac- 

20 teristics. It should be apparent to those skilled in the art that a wide variety of materials 
could be used to construct the barrier layer 34. 

The material used to fabricate barrier layer 34 should not be protonically conduc- 
tive. Rather, the pores in the barrier layer 34 allow protonically conducting contact be- 
tween PCMs 36a, 36b. The pores in barrier layer 34 need only be large enough (relative 

25 to barrier thickness) to allow PCMs 36a, 36b material contact through same, while re- 
maining small enough to prevent the passage of liquid water, and to some extent metha- 
nol. The pores must also be close enough to one another relative to PCM thickness to 
minimize the increase in protonic path length. 

PCMs 36a, 36b, may be constructed of conventional material as described above 

30 in connection with Figure 2, and mechanically pressed into contact with or cast into place 
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on barrier layer 34. Catalysts 38a, 38b and diffusion layers 40a, 40b may be constructed 
conventionally as discussed above. 

As may be seen more clearly in Figure 4, pores 44a and 44b in barrier layer 34 
provide passages through which protons (not shown) may pass from anode to cathode. 
5 By effectively forcing the protons through the limited areas provided by the pores, as op- 
posed to a larger area normally presented by a PCM, a higher density current is produced 
for the passage through barrier layer 34. 

The total proton exchange process in a carbonaceous fuel cell system may be 
modeled as resistances in series, consisting primarily of diffusion and reaction activation 

10 portions, with relatively high resistance, and a membrane-crossing portion having rela- 
tively low resistance to proton movement. Using this model, and to more fully illustrate 
the advantages produced by the present invention, Figures 5A and 5B show, respectively, 
illustrative estimates of the reaction and carryover (diffusion) resistances of a conven- 
tional membrane electrode assembly and the present invention. While the values shown 

is are believed to present a valid order of magnitude comparison based on current under- 
standing, it should be understood that these are approximations. In these Figures, resis- 
tance to carryover of water and fuel is represented by Rc and the reaction resistance is 
represented by R r . For purposes of clarity, reaction activation energy is omitted from the 
calculations, but this is not significant as the activation energy would be essentially the 

20 same in both calculations. 

In Figure 5 A, which corresponds with the conventional MEA 30 of Figure 2, the 
total carryover resistance or Rc Sum = 1, while the total reaction resistance or R r Sum = 
21 . In sharp contrast, as shown in Figure 5B, which corresponds with the inventive MEA 
32 of Figure 3, the total carryover resistance Rc Sum = 7, while the total reaction resis- 
25 tance Rr Sum = 27. Thus, at a "cost" of increasing the total reaction resistance by less 
than 30%, the total carryover resistance has been advantageously increased by more than 
85%. 

It will be apparent to those skilled in the art that various substitutions or modifi- 
cations may be made to the foregoing preferred embodiment of the present invention. 



7 



PATENT 
107044-0007 



For example, other materials which may be suitable, for use as the barrier layer include 
Gore-Tex®. 

What is claimed is: 
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